Leaf senescence is a genetically programmed process that constitutes the last stage of leaf development, and involves massive changes in gene expression. As a result of the intensive efforts that have been made to elucidate the molecular genetic mechanisms underlying leaf senescence, 184 genes that alter leaf senescence phenotypes when mutated or overexpressed have been identified in Arabidopsis thaliana over the past two decades. Concurrently, experimental evidence on functional redundancy within senescence-associated genes (SAGs) has increased. In this review, we focus on transcription factors that play regulatory roles in Arabidopsis leaf senescence, and describe the relationships among gene duplication, gene expression level, and senescence phenotypes. Previous findings and our re-analysis demonstrate the widespread existence of duplicate SAG pairs and a correlation between gene expression levels in duplicate genes and senescence-related phenotypic severity of the corresponding mutants. We also highlight effective and powerful tools that are available for functional analyses of redundant SAGs. We propose that the study of duplicate SAG pairs offers a unique opportunity to understand the regulation of leaf senescence and can guide the investigation of the functions of redundant SAGs via reverse genetic approaches.
Introduction
Gene duplication is one of the principal engines that powers the acquisition of new protein functions and facilitates genome complexity through subsequent functional divergence (Ohno, 1970; Li, 1997; Zhang et al., 2005) . Gene duplication has also been regarded in some ways as being a form of mutation in which a genomic segment is replicated and integrated into a physically separate location under certain circumstances (Panchy et al., 2016) . Among the numerous mechanisms that contribute to gene duplication, the most dramatic type is the duplication of a whole genome, in terms of its influence on gene content (Panchy et al., 2016) . During the evolution of the plant kingdom, ancient wholegenome duplication (WGD) events occurred in the common ancestors of seed plants and angiosperms (Jiao et al., 2011) . Convincing evidence, including the identification and characterization of inter-genomic homology, has demonstrated that the Arabidopsis thaliana genome has been duplicated three times (referred to as α, β, and γ) in the past 350 million years (Vision et al., 2000; Simillion et al., 2002; Blanc et al., 2003; Bowers et al., 2003; Maere et al., 2005) .
One of the consequences of gene duplication is the creation of genetic redundancy (Wagner, 1996) . The prevalent occurrence of gene duplication in the Arabidopsis genome and the absence of phenotypic effects in the majority of single loss-of-function mutants (Bouché and Bouchez, 2001; Briggs et al., 2006) can be explained in part by the claim that genetic redundancy causes functional compensation (the functional loss of a gene is compensated by its paralogs) or functional buffering against mutation (Chapman et al., 2006) . Immediately after gene duplication, the duplicated copies are presumably fully redundant (Ohno, 1970; Wagner, 1998) , so knockout of either copy would not result in a distinct mutant phenotype. Since the accumulation of deleterious mutations causes the rapid loss of one copy of the duplicate genes, full redundancy is genetically unstable (Ohno, 1970; Wagner, 1998; Briggs et al., 2006) . By contrast, partial genetic redundancy, wherein knockout of either duplicated copy leads to more mitigated phenotypic changes than loss-of-function of both copies, can be widespread in the Arabidopsis genome and appears to be evolutionarily stable (Briggs et al., 2006) . Hanada et al. (2009) found that only 253 mutants out of 3871 insertional mutant lines in Arabidopsis display evident phenotypic changes. Furthermore, phenotypic changes caused by mutations in duplicate genes are markedly lower than those in singleton (i.e. not duplicated) genes, suggesting that functional compensation is much more common in duplicate genes compared to singleton genes (Gu et al., 2003; Conant and Wagner, 2004; Hanada et al., 2009) .
The leaf is an important organ that characterizes plants as autotrophs, and is perhaps the only practical source of food on earth because leaves fix carbon to produce carbohydrates via photosynthesis. Leaf senescence is the final stage of leaf development and is characterized by the transition from nutrient assimilation to remobilization (Guo and Gan, 2005; Lim et al., 2007; Jing and Nam, 2012; Woo et al., 2013; AvilaOspina et al., 2014) . The released nutrients are transferred to actively growing young leaves and developing fruit as well as to seeds (Gan, 2007; Guo, 2013; Guo and Gan, 2014) , which leads to increased reproductive success.
Genetic analysis of leaf senescence in Arabidopsis has been tremendously successful in screening mutants that are impaired in the senescence process, and the investigation of the affected genes has provided deep insights into the molecular basis of plant leaf senescence (Nam, 1997; Oh et al., 1997; Jing et al., 2005; Lim et al., 2007; Liu et al., 2011; Wu et al., 2012b) . However, no distinguishable senescence phenotype has been observed in the majority of loss-of-function mutants for senescence-associated genes (SAGs) identified via reverse genetic approaches . Given that the duplicated regions encompass more than 80% of the 125-Mb genome of Arabidopsis (Panchy et al., 2016) , the lack of distinct senescence phenotypes might be mainly attributed to genetic redundancy. Currently, thousands of genes have been identified as SAGs in Arabidopsis based on genetic, genomic, proteomic, physiological, or other experimental evidence . Notably, a number of knownfunction SAGs that have altered leaf senescence phenotypes when mutated or overexpressed encode transcription factors.
Previous studies have also revealed that genes encoding transcription factors seem to have been preferentially retained following the ancient genome duplication in Arabidopsis (Blanc and Wolfe, 2004; Seoighe and Gehring, 2004; Choi et al., 2014) . Therefore, in this review, we highlight genetic redundancy in senescence-associated transcription factors (Sen-TFs) and the possible causes of phenotypic variation in senescence between duplicate gene pairs. We also present two effective tools for a functional analysis of redundant SAGs.
Genetic redundancy in Sen-TFs
Genetic and molecular studies have revealed that diverse TF family members affect the onset and progression of leaf senescence (Buchanan-Wollaston et al., 2003; Lim et al., 2007) . NAC (NAM/ATAF/CUC) and WRKY TFs are known to be central players in modulating transcriptional changes during leaf senescence (Balazadeh et al., 2010; Breeze et al., 2011; Kim et al., 2016a) . TCP (TEOSINTE BRANCHED/ CYCLOIDEA/PCF) proteins are a small family of plant-specific TFs that regulate multiple leaf developmental processes including senescence and the existence of functional redundancy within TCP TFs (Cubas et al., 1999; Koyama et al., 2010; Li, 2015; Palatnik et al., 2003; Schommer et al., 2008) . Thus, in this review, we mainly focus on recent findings of genetic redundancy in Sen-TFs in NAC, WRKY, and TCP family members.
Genetic redundancy in Sen-NAC TFs
NAC TFs constitute one of the largest families of plant-specific TFs, with more than 100 genes in Arabidopsis (Olsen et al., 2005) . Transcriptomic and genetic studies have revealed that a number of NAC family TFs are involved in the leaf senescence process in Arabidopsis (Guo and Gan, 2006; Kim et al., 2009 Kim et al., , 2014 Kim et al., , 2016a Balazadeh et al., 2011; Breeze et al., 2011; Lee et al., 2012; Hickman et al., 2013; Li et al., 2013b Li et al., , 2016 Matallana-Ramirez et al., 2013; Jensen and Skriver, 2014; Podzimska-Sroka et al., 2015; Qiu et al., 2015; Takasaki et al., 2015; Woo et al., 2016) (Fig. 1A ) and in crop plants (Uauy et al., 2006; Kjaersgaard et al., 2011; de Zélicourt et al., 2012; Ricachenevsky et al., 2013; Zhou et al., 2013; Liang et al., 2014; Shibuya et al., 2014; Podzimska-Sroka et al., 2015; Zhao et al., 2015; Christiansen et al., 2016; Pimenta et al., 2016) . For instance, loss-of-function of ORESARA1 (ORE1)/ANAC092/ AtNAC2 (Oh et al., 1997; Kim et al., 2009) , NAC-LIKE AND ACTIVATED BY AP3/PI (AtNAP)/ANAC029 (Guo and Gan, 2006) , ORE1 SISTER1 (ORS1)/ANAC059 (Balazadeh et al., 2011) , NAC WITH TRANSMEMBRANE MOTIF 1-LIKE 4 (NTL4)/ANAC053 (Wu et al., 2012a) , ANAC016 (Kim et al., 2013) , ARABIDOPSIS TRANSCRIPTION ACTIVATION FACTOR 1 (ATAF1)/ANAC002 (Garapati et al., 2015) , ANAC032 (Mahmood et al., 2016) , ANAC046 (Oda-Yamamizo et al., 2016) , and ANAC072 evidently delays the leaf senescence process, while overexpression of these TFs leads to precocious senescence, suggesting that they are positive regulators (Fig. 1A) . By contrast, JUNGBRUNNEN 1(JUB1)/ANAC042 (Wu et al., 2012a) and VND-INTERACTING 2 (VNI2)/ANAC083 (Yang et al., 2011) play negative roles in leaf senescence (Fig. 1A) .
Although the functions and molecular mechanisms of Sen-NAC TFs have been investigated intensively (PodzimskaSroka et al., 2015; Kim et al., 2016a Kim et al., , 2016b , a further indepth bioinformatics analysis using comprehensive datasets may enhance our understanding of leaf senescence and the prediction of new SAGs. To systemically analyse Sen-NAC TFs from the view of genetic redundancy, we have integrated information on phylogenetic relationships (Kumar et al., 2016) , senescence phenotypes reported in the literature, and duplicate gene pairs . Interestingly, Sen-NAC TFs mostly belong to two clusters based on protein sequence similarities. Ten (71.4%) of 14 NAC TFs in cluster I are known to be involved in senescence, and three (42.9%) of seven NAC TFs in cluster II are reported to be positive regulators of leaf senescence. These incidences are significantly higher than those reported in the whole of NAC TFs [17 (15.5%) out of 110 NAC TFs] (Fig. 1A) . Among the 17 Sen-NAC TFs that display altered senescence phenotypes when mutated, 13 genes (76.5%) are singletons and four genes (23.5%) are identified as duplicate genes based on the Plant Genome Duplication Database (PGDD, http://chibba.agtec.uga.edu/ duplication/) . As shown in Fig. 1B , ORE1-ORS1, ANAC032-ANAC102, and ANAC046-ANAC087 are duplicate gene pairs. Among these genes, loss-of-functions of ORE1, ORS1, ANAC032, or ANAC046 cause noticeably delayed leaf senescence phenotypes (Oh et al., 1997; Kim et al., 2009; Balazadeh et al., 2011; Mahmood et al., 2016; Oda-Yamamizo et al., 2016) . At present, we still lack senescence phenotypic information on ANAC087 and ANAC102, implying a possibility of genetic redundancy between the duplicate NAC TF genes and their minor contribution in the regulation of leaf senescence. This possibility can be assessed by comparing the senescence phenotypic differences between the single-and double-knockout mutants, although we cannot rule out other possibilities such as acquiring a new function (neofunctionalization) (Rastogi and Liberles, 2005) or playing a regulatory role only in specific senescence conditions.
Genetic redundancy in Sen-WRKY TFs
The WRKY TF family in Arabidopsis comprises over 70 members that are involved in regulating multiple physiological processes (Eulgem et al., 2000) . Functional genomic studies have revealed that some WRKY TFs are involved in regulating the leaf senescence process in Arabidopsis (Robatzek and Somssich, 2001; Miao et al., 2004; Miao and Zentgraf, 2007; Zentgraf et al., 2010; Zhou et al., 2011; Zhang et al., 2017) (Fig. 2A ) as well as in other plants (Gregersen and Holm, 2007; Parrott et al., 2007; Mangelsen et al., 2008; Ricachenevsky et al., 2010; Distelfeld et al., 2014; Rinerson et al., 2015) . Among the eight Sen-WRKY TFs exhibiting altered senescence phenotypes when mutated or overexpressed, three genes are singletons and five are duplicate genes according to the predicated data in PGDD (Fig. 2B ). As shown in Fig. 2B , WRKY6-WRKY42, WRKY18-WRKY60, WRKY41-WRKY53, and WRKY54-WRKY70 are duplicate gene pairs. WRKY6 has been considered as an important regulator of leaf senescence because it directly binds to the promoters of SAGs, including SENESCENCE-ASSOCIATED PROTEIN 1 (SEN1) and SENESCENCE-INDUCED RECEPTOR-LIKE KINASE (SIRK), and knockout or overexpression of WRKY6 causes an alteration of the senescence phenotype Somssich, 2001, 2002) . As the closest homolog of WRKY6, WRKY42 is also capable of activating the SIRK promoter (Robatzek and Somssich, 2002) . We currently still lack senescence phenotype information about wrky42 mutants, although the role of WRKY42 has been implicated in phosphate homeostasis (Eulgem et al., 2000) . WRKY53 is a positive regulator of leaf senescence by targeting various SAGs (Hinderhofer and Zentgraf, 2001; Miao et al., 2004) . By contrast, WRKY41 is found to be involved in plant immunity (Pandey and Somssich, 2009; Sarris et al., 2015) and seed dormancy (Ding et al., 2014) , but its function in leaf senescence is still unclear. As a downstream target of WRKY53, WRKY18 functions as a negative regulator of senescence (Potschin et al., 2014) . Transgenic plants overexpressing WRKY18 display delayed senescence phenotypes, whereas the knockout mutant of WRKY18 has early leaf senescence symptoms. By contrast, a loss of WRKY60 function causes no detectable alteration in senescence. Similar to their functional importance in leaf senescence, WRKY18 also plays a more major role than WRKY60 in plant defense against pathogens (Xu et al., 2006) . WRKY54 and WRKY70 are two negative regulators of leaf senescence (Besseau et al., 2012) as well as positive regulators of plant defense (Li et al., 2013a) . The single-mutants of wrky54 or wrky70 show no noticeable or only a weak premature senescence phenotype, respectively (Besseau et al., 2012) . However, the leaves of the wrky54 wrky70 double-mutant exhibit a clear early senescence phenotype, indicating that WRKY54 and WRKY70 have unequal genetic redundancies in controlling leaf senescence (Besseau et al., 2012) .
Compared to the weak or no-senescence phenotypic changes caused by mutations in the duplicate WRKY54-WRKY70 gene pair, the loss-of-function mutation in singleton genes WRKY22 (Zhou et al., 2011) , WRKY57 (Jiang et al., 2014) , and WRKY75 results in an apparent delayed senescence phenotype. WRKY22 works downstream of WRKY53 and functions as a positive regulator of leaf senescence under dark conditions. Knockout of WRKY22 delays leaf senescence, while overexpression of this gene promotes senescence (Zhou et al., 2011) . WRKY57 functions as a node of convergence for jasmonic acid (JA) and auxin-mediated signaling in JA-induced leaf senescence (Jiang et al., 2014) . The reduction of WRKY75 expression leads to a remarkably delayed leaf senescence phenotype in the WRKY75-RNAi plant, while overexpression of WRKY75 promotes leaf senescence . Taken together, these observations support previous notions that functional compensation is significantly more common in duplicate genes than in singleton genes (Hanada et al., 2009) .
Genetic redundancy in Sen-TCP TFs
Compared to the NAC or WRKY TF families, TCP proteins are a small family of plant-specific TFs that share a conserved non-canonical basic helix-loop-helix (bHLH) DNA-binding domain called the TCP domain (Cubas et al., 1999; Kosugi and Ohashi, 2002; Danisman et al., 2013) . Arabidopsis contains 24 TCP TFs, which are divided into two subfamilies, class I and class II TCPs, based mainly on sequence similarities (Cubas et al., 1999; Kosugi and Ohashi, 2002; Danisman et al., 2013) (Fig. 3A) . Loss-of-function of a single TCP TF in class II produces only a few distinct, but weak, mutant phenotypes (Takeda et al., 2006; Schommer et al., 2008; Tatematsu et al., 2008; Danisman et al., 2012 Danisman et al., , 2013 . By contrast, multiple knockouts among the TCP genes display strong tcp mutant phenotypes, indicative of the existence of genetic redundancies in class II TCP TFs (Danisman et al., 2013) , which is confirmed by an analysis based on PGDD data (Fig. 3B and Supplementary Fig. S1 available at JXB online). A previous study revealed that the overexpression of miRNA319a in the jaw-D (JAGGED AND WAVY) mutant results in the knockdown of five class II TCPs (Jaw-targeted TCPs): TCP2, TCP3, TCP4, TCP10, and TCP24 (Schommer et al., 2008) . Interestingly, TCP2-TCP24 and TCP3-TCP4 are duplicate gene pairs (Fig. 3B) . jaw-D plants exhibit several phenotypic defects, including highly serrated leaves and delayed leaf senescence (Palatnik et al., 2003; Schommer et al., 2008; Nag et al., 2009) . Jaw-targeted TCPs redundantly contribute to leaf senescence by directly activating LIPOXYGENASE2 (LOX2) transcription to promote JA synthesis (Schommer et al., 2008) . In line with these observations, compared to a wild-type and single-mutant, the quintuple tcp mutant (tcp3 tcp4 tcp5 tcp10 tcp13) displays delayed leaf senescence phenotypes, which include a higher chlorophyll content and delayed activation of SAG12 gene expression (Koyama et al., 2013) . Therefore, we can speculate that the absence of noticeable senescence phenotypes in class II single-mutants is mostly due to the existence of genetic redundancy. Compared to class II TCP TFs (1 out of 11), more members (7 out of 13) of class I TFs are singleton genes (Fig. 3B) . Six TCPs in class I, TCP6-TCP20, TCP9-TCP19, and TCP7-TCP21, are predicted to be duplicate gene pairs (Fig. 3B) . Notably, a phenotype with earlier onset of leaf senescence is observed in the tcp9 tcp20 doublemutant but not in the tcp9 or tcp20 single-mutant (Danisman et al., 2013) , suggesting the probability of the existence of functional redundancies among different duplicate gene pairs. More interestingly, biochemical and genetic analyses demonstrate that class I and II TCP TFs antagonistically regulate the biosynthesis of JA by directly binding to a different region of the LOX2 promoter (Danisman et al., 2012) . TCP20 (class I) suppresses and TCP4 (class II) enhances the transcript levels of LOX2 (Schommer et al., 2008; Danisman et al., 2012) . This corresponds with the fact that loss-of-function of class I and class II TCP TFs causes opposite changes in the senescence phenotype (Fig. 3A) .
Collectively, the accumulating genetic and bioinformatics evidence supports the notion that the lack of noticeable phenotypic alterations in senescence in a single-knockout mutant of SAGs is in part due to the widespread existence of genetic redundancy. It is possible that plants might utilize functional buffering/compensation of the duplicate SAGs to ensure the appropriate initiation and/or progression of leaf senescence.
Possible mechanisms determining the functional differences of the duplicate SAGs in leaf senescence
Gene expression divergence of the duplicate SAGs
Initially, the two genes produced at a single duplication event should have the same function (Ohno, 1970; Wagner, 1998) . Subsequently, the accumulation of mutations in both copies over a long period leads to the loss-of-function in one copy or functional divergence between the copies (Ohno, 1970; Wagner, 1998; Briggs et al., 2006) . The expression level is frequently used to infer the activity and function of gene products, and gene expression divergence is often regarded as a proxy indicator of the divergence of gene functions (Gu et al., 2003; Zhang et al., 2004; Briggs et al., 2006; Qian et al., 2010) . Therefore, one of the strategies for systematically investigating the consequences of gene duplications is to analyse the gene expression divergence between the duplicate genes, primarily through comparing their spatiotemporal expression patterns (Blanc and Wolfe, 2004; Wang et al., 2011) .
A re-analysis of the temporal expression patterns related to leaf age in Arabidopsis reported by Woo et al. (2016) revealed that gene expression divergence occurred in most of the selected duplicate SAGs (Fig. 4 and Supplementary  Fig. S2 ). Moreover, we found that knockout of the copy of a duplicate pair with a higher expression has a stronger phenotypic effect than that with a lower expression (Fig. 4A-D) , which is consistent with previous observations in yeast (Gu et al., 2003; Mattenberger et al., 2017) . For example, the WRKY6, WRKY18, and WRKY53 genes with distinct senescence phenotypic changes in their loss-of-function mutants were the higher-expression ones in the duplicate gene pairs (WRKY6-WRKY42, WRKY18-WRKY60, and WRKY41-WRKY53) (Fig. 4A-C) . Since the expression levels of WRKY41 and WRKY42 are very low compared to WRKY6 and WRKY53, respectively, the wrky6 and wrky53 single-mutants can be considered to be the weak versions of wrky6 wrky41 and wrky42 wrky53 double-mutants. Similarly, for the WRKY54-WRKY70 duplicate gene pair (Fig. 4D) , WRKY70 with a weakly enhanced senescence phenotype was the higher-expression gene, while WRKY54 with no clear symptoms of premature senescence was the lowerexpression gene (Besseau et al., 2012) , suggesting a correlation between gene expression and function. By contrast, the wrky54 wrky70 double-mutant exhibits clearly premature senescence, further indicating that WRKY54 and WRKY70 present partly or unequally redundant functions as negative regulators of leaf senescence (Besseau et al., 2012) . For the TCP6-TCP20 and TCP9-TCP19 duplicate gene pairs, TCP6
and TCP19 displayed lower transcript levels than those of TCP20 and TCP9, respectively (Supplementary Fig. S2 ). In line with gene expression levels, the double loss-of-functions of TCP9 and TCP20 alters the leaf senescence process but no other combination of mutations does this (Danisman et al., 2013) . However, mutation of ANAC032, which has a lower expression level than ANAC102, causes noticeably delayed senescence phenotypes (Mahmood et al., 2016) , while no senescence phenotypic changes have been reported in anac102 mutants (Fig. 4E) , raising the possibility that ANAC102 is not involved in leaf senescence and/or has acquired new functions. In support of this speculation, Christianson et al. (2009) reported that no noticeable phenotypic changes were observed in the anac102 mutant or ANAC102 overexpressing plants under normal conditions. Interestingly, they also reported that seed viability of the anac102 mutant was significantly impaired under low-oxygen conditions compared with the wild type.
In contrast to the duplicate genes mentioned above, the ORE1-ORS1, ANAC046-ANAC087 (Fig. 4F, G) , TCP2-TCP24, and TCP5-TCP17 ( Supplementary Fig. S2 ) duplicate gene pairs show similar expression patterns from young stages to the senescence stage. It has been reported that a single knockout of these TCP TFs does not cause an evident senescence phenotype (Danisman et al., 2013) . By contrast, the single loss-of-function mutants of ore1, ors1, and anac046 display evidently delayed senescence phenotypes. One feasible explanation for the ORE1-ORS1 duplicate pair might be neofunctionalization (acquiring novel functions) of ORS1 after gene duplication under conditions of low selective pressure through the neutral mutation process of sub-functionalization, which has been hypothesized as an alternative mechanism for the retention of the duplicate gene in organisms (Rastogi and Liberles, 2005) . This idea is supported by two observations. First, Balazadeh et al. (2011) made a comparison analysis of 5´ upstream regions of Arabidopsis ORS1 and ORE1 with those in the orthologous genes of the Brassicaceae family to test for evolutionary conservation of the ORS1 and ORE1 genes, and found that the promoters of ORE1 are much more conserved than the ORS1 promoters throughout evolution, indicative of a higher selective pressure for the former. Second, a loss-of-function of ORS1 also causes a delay in flowering (approximately 5 d) (Balazadeh et al., 2011) , which is not observed in the ore1 mutant (Oh et al., 1997; Kim et al., 2009 ).
Divergence of protein-protein interaction networks of duplicate SAGs
The divergence of protein-protein interaction (PPI) networks has been used as another indicator of functional divergence between the duplicate genes (Blanc and Wolfe, 2004; Zhang et al., 2005) . Immediately after duplication, the duplicate genes are presumed to have the same interaction partners. Subsequently, one member of the duplicate gene pair acquires new interaction partners and/or loses the original partners (Zhang et al., 2005) . In certain instances, given the long time-scale of evolution, the duplicate gene pair might have no common interaction partners (Zhang et al., 2005) . Thus, the number of different interacting partners can be used as an indicator of the functional divergence between the duplicate gene pairs (Zhang et al., 2005) . In Arabidopsis, out of the 464 gene pairs produced in the recent WGD, 430 gene pairs (93%) have different partners . The PPI data are acquired from the STRING database (http://string-db.org/; von Mering et al., 2003; Szklarczyk et al., 2017) (Fig. 5A-F) , which contains direct/physical and indirect/functional associations, including experimentally verified interactions, predicted interactions based on co-expression analyses, and the interactions identified in one organism and computationally transferred to another organism based on gene orthology (Fig. 5G) . Based on these data, we found that the PPI networks had substantially diverged after duplication (Fig. 5A-D) . For instance, ORE1 and ORS1 only shared one common partner, HAI1/SAG113, which encodes a PP2C-type protein phosphatase, further suggesting that ORE1 and ORS1 acquired new functions after duplication. Out of the 10 partners, WRKY54 and WRKY70 have three common partners, namely WRKY30, NIM1-interacting 1 (NIMIN1), and LATE UPREGULATED IN RESPONSE TO HYALOPERONOSPORA PARASITICA (LURP1). By contrast, the duplicate genes in the class II TCP TFs share more common interaction partners, such as TCP2-TCP24 (50% identity), TCP3-TCP4 (40%), and TCP5-TCP13-TCP17 (80%) (Supplementary Fig. S3 ). Correspondingly, knockout of a single TCP gene in class II causes weak mutant phenotypes (Schommer et al., 2008; Danisman et al., 2012 Danisman et al., , 2013 . Notably, approximately 90% of the interaction partners of ANAC046 and ANAC087 are the same proteins (Fig. 5E, F) . Together with their similar expression patterns during leaf ageing (Fig. 4G) , Fig. 4 . Transcript levels of duplicate SAGs according to leaf age. Based on expression patterns, genes are categorized into groups I and II: in group I, one gene shows a higher expression and the other exhibits a lower expression on two duplicate SAGs, WRKY6-WRKY42 (A), WRKY41-WRKY53 (B), WRKY18-WRKY60 (C), WRKY54-WRKY70 (D), and ANAC032-ANAC102 (E); and in group II, similar expression patterns are seen on the two duplicate SAGs, ORE1-ORS1 (F) and ANAC046-ANAC087 (G). RNA-seq data were obtained from (Woo et al., 2016 our analysis strongly suggests that ANAC087 is involved in leaf senescence, which could be further validated by phenotypic analyses of ANAC087 knockout mutants or overexpressing plants. Taken together, we believe that a whole-genome analysis of the divergence of PPI networks in the duplicate SAGs would shed new light on understanding the effects of divergence on the regulation of leaf senescence.
Effective tools for a functional analysis of redundant SAGs
Since duplicate genes tend to compensate for each other's functions, and deletion of one copy often causes weak or no apparent phenotypic changes (Bouché and Bouchez, 2001; Briggs et al., 2006) , there is a testable prediction that knockout of the duplicate genes should cause noticeable phenotypic changes, which has indeed been demonstrated by several studies on Arabidopsis. Here, we highlight two effective tools for functional analyses of redundant SAGs.
Knockout of multiple genes through the CRISPR/ Cas9 system
The CRISPR/Cas9 system has been widely used as an efficient tool to generate loss-of-function mutants in Arabidopsis and crop plants (Feng et al., 2013; Jiang et al., 2013; Mao et al., 2013; Miao et al., 2013; Nekrasov et al., 2013; Shan et al., 2013; Upadhyay et al., 2013; Brooks et al., 2014; Xing et al., 2014; Zhang et al., 2014; Xu et al., 2015 Xu et al., , 2017 . Recently, the CRISPR/Cas9-mediated generation of multiple mutants has been achieved for several plants (Lopez-Obando et al., 2016; Ma et al., 2016; Collonnier et al., 2017) . For example, Zhang et al. (2016) designed an upgraded CRISPR/Cas9 system in which multiple sgRNA modules were co-expressed in one binary vector. They successfully targeted six of the 14 PYR/PYL gene family members (which are a branch of ABA receptors in Arabidopsis) in a single transformation event, and the plants engineered using this multiplex CRISPR/Cas9 system displayed ABA-insensitive phenotypes . It is clear that this updated version of the system would provide an effective and powerful tool for studying the functions of duplicate SAGs in Arabidopsis as well as crop plants.
Investigating functionally redundant Sen-TFs through chimeric repressor gene-silencing technology
Chimeric repressor gene-silencing technology (CRES-T) is an effective tool for investigating the functions of plant TFs (Hiratsu et al., 2003; Mitsuda et al., 2011) . In the CRES-T system, a chimeric repressor generated by fusing a TF to SRDX dominantly inhibits all target genes of the genetically/functionally redundant TFs (Hiratsu et al., 2003; Mitsuda et al., 2011) . As a consequence, transgenic plants that express the chimeric repressor display phenotypes similar to loss-of-function mutation of TFs. This system has been widely used for functional analyses of genetically redundant TFs in plant development, including leaf senescence (Hiratsu et al., 2003; Heyl et al., 2008; Mahfouz et al., 2012; Takada, 2013; Kazama et al., 2014; Figueroa and Browse, 2015; Cen et al., 2016; Oda-Yamamizo et al., 2016) . For example, compared to the anac046 mutant, the ANAC046-SRDX transgenic plants retain a higher chlorophyll content under dark conditions because the SRDX plants show the loss-of-function phenotypes of both ANAC046 and its functionally redundant TFs, including ANAC087, as a result of dominant suppression of their common target genes (OdaYamamizo et al., 2016) . Thus, the CRES-T system can be used as an effective tool for systemic functional analyses of the genetically redundant Sen-TFs in leaf senescence.
Concluding remarks and future directions
The appropriate onset and progression of leaf senescence are essential for plant fitness (Guo and Gan, 2005; Lim et al., 2007; Jing and Nam, 2012; Woo et al., 2013; AvilaOspina et al., 2014) , and this involves massive changes in the expression of SAGs. Although numerous SAGs have been identified according to their dynamic expression during senescence, our current understanding of the roles of most of them in regulating leaf senescence is still limited. Genetic redundancy within SAGs may contribute to functional compensation or functional buffering against diverse internal and external stresses, such as osmotic stress, temperature, nutrients, light, and pathogen attack, and ensure the appropriate initiation of leaf senescence. On the other hand, because genetic redundancy can often lead to the lack of phenotypic effects in single-mutants, the impact of genetic redundancies on leaf senescence phenotypes needs to be considered in future studies. Further systemic studies in Arabidopsis will be necessary to gain more comprehensive insights into the importance of genetic redundancy of SAGs in the regulation of leaf senescence. Looking further ahead, future approaches that utilize high-throughput bioinformatics to investigate genetic redundancy of SAGs in plant species with more complex genomes may facilitate a better understanding of the evolution of the regulatory mechanisms underlying leaf senescence.
Supplementary data
Supplementary data are available at JXB online. Fig. S1 . Duplicate gene pairs in TCP TFs. Fig. S2 . Transcript levels of duplicate TCP TF genes according to leaf age. Fig. S3 . Divergence patterns of the duplicate Sen-TCPs in PPIs.
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